Immunoprecipitation of 3H-labeled HRP, and HRP2, in the presence of goat antirabbit IgG, followed by gel electrophoresis, allows to recover HRP2b only. Again, HRP2b is immunoprecipitated by the two antisera.
HRGPs1 are present in the cell wall of all plant parts. Their usually low level is strikingly increased in response to wounding I Abbreviations: HRGP, hydroxyproline-rich glycoprotein; AGP, arabinogalactan protein; CM, carboxy methyl; TFMS, trifluoromethane sulfonic acid; Hyp-Ara, hydroxyproline arabinoside; HRP, deglycosylated HRGP; PTA, phosphotungstic acid; IgG, immunoglobulin G; DOC, sodium deoxycholate. (3, 4, 30) , infection (7, 8, 23) , elicitor treatment (27) , and under tissue culture conditions (16) .
Isolation of the HRGPs which are involved in any of these situations is a prerequisite to clearly understanding their role. This is notably the case in melon and other plants (23) where the accumulation of HRGP upon infection by plant pathogens bears the characteristics of a defense response. This step, however, has proved particularly difficult, due to the high insolubility of HRGP once it is in the cell wall. Recent progress has been accomplished either by direct elution of a precursor from the cell wall of carrot root explants and tomato cells with a salt solution (29, 30) or by solubilizing HRGPs from a cell homogenate of potato tubers and tobacco callus at a very acidic pH (19, 24) . In addition to HRGP-extensin precursors, they have led to the solubilization of hydroxyproline-rich arabinogalactan proteins. This paper reports on the purification biochemical and immunochemical characterization of the HRGPs solubilized from a melon callus homogenate at an acidic pH.
MATERIALS AND METHODS
Plant material. A tissue culture of melon (Cucumis melo) cv Cantaloup charentais, was initiated from a 21-d-old seedling epicotyl. The callus obtained was grown on a synthetic medium (10) , in the presence of agarose (1%), sucrose (3%), and coconut milk (10% v/v) at 26°C with a daylight period of 12 h at an intensity of 10 W/m2. Every 15 d, the callus tissues were sprayed with fresh liquid medium; they were harvested after 3 months and stored at -80°C.
HRGP Extraction. HRGPs were extracted at 0 to 4°C according to a modification of the procedure of Marinkovitch (22) . The callus tissues (100 g) were homogenized with an ultra-turrax in 100 ml of a mixture of ethanol: 1.25 N HCl (3:1 v/v) to which 4 mm sodium metabisulfite had been added as an antioxidant. The homogenate was maintained under constant stirring for 48 h at 4°C before being filtered on cheesecloth and centrifuged at 1,5000 g for 20 min. The supernatant was recovered and the proteins were precipitated by addition of three volumes of cold acetone. After 24 h, the protein pellet was recovered and resuspended in 25 ml of a 0.1 M acetate buffer (pH 3.8). The These arabinosides were isolated as reported above and subsequently desalted on a Biogel P2 column (1.2 x 25 cm) (Biorad); they were eluted with 20% methanol in deionized water and lyophilized before being used.
Radial Diffusion. A simple diffusion protocol adapted from Van Holst and Clarke (33) was used for analyzing the Yariv antigen affinity of the glycoproteins (9) . The Yariv antigen was a gift of G. B. Fincher, La Trobe University, Bundoora, Australia. Diffusion was allowed to proceed overnight in a wet chamber, at room temperature. A solution of arabic gum (Prolabo) was used as a standard.
Immunoprecipitation and SDS-PAGE. The protocol used for immunoprecipitation of the protein samples was adapted from Ziemer et al. (34) . Samples were diluted to 0.1 ml in 2% Triton X100: 2% DOC. Ten ,lI of a solution of 10% IgG in 2% Triton-DOC were added and the mixture incubated at room temperature for 1.5 h. Goat anti-rabbit IgG (0.1 ml) (Calbiochem-Behring) was added and the incubation was continued for 1 h. This reaction mixture was layered over a discontinuous gradient of 0.2 ml of 0.5 M sucrose in Triton-DOC and 0.2 ml of 1 M sucrose in Triton-DOC and centrifuged at 12,000g for 4 min. The pellets were successively washed four times by vigorous shaking in 1 M sucrose in 1% Triton-DOC, four times in 1% Triton-DOC, and then taken up in the sample buffer for SDS-PAGE. SDS-PAGE was performed as described below. Gels were treated for fluorography (1) dried and exposed to Kodak X-Omat S film at -800C.
Electrophoresis. SDS-PAGE was performed using the Laemmli buffer system (15) . An acrylamide to bisacrylamide ratio of 30/0.35 was used and the acrylamide concentration in the running and the stacking gel were 12 and 5%, respectively. In some instances, a similar gel made 4 M in urea was used, and the samples (made 8 M in urea) were not boiled prior to loading. In both cases, the protein samples were stacked at 20 mamp and resolved at 25 mamp for 6 h; the gels were then stained without delay for about 15 h in a solution consisting of 100 g TCA, 30 g sulfosalicylic acid, 250 ml of methanol, 656 ml of water, and 1 g Coomassie brilliant blue R-250 (11) followed by short destaining with 10% acetic acid.
Amino Acid and Sugar Analysis. The samples retained for amino acid analysis were hydrolyzed for 20 h at 110°C in 6 N HCl; the hydrolysate was evaporated to dryness by rotary evaporation at 40°C and then taken up into 0.15 M lithium buffer (pH 2.2). The amino acid residues were analyzed with an amino acid analyzer (Beckman 119 CL). Prior to sugar analysis the HRGP samples were hydrolyzed with 2 N TFA for 1 h at 120°C. The hydrolysates were evaporated to dryness and their sugar composition determined on a Technicon autoanalyser (31) .
General Techniques. The protein content of HRGP was measured according to Lowry et al. (21) and the carbohydrate content was assessed with the phenol-sulfuric acid method (5) . The amount of hydroxyproline present in the glycoprotein samples was measured by the method of Kivirikko et al. (13) , after previous hydrolysis of the sample with 6 N HCI at 110°C for 20 h.
RESULTS
The hyp-content in the cell wall of melon seedlings is 0.1%, and in the cell wall of melon callus it is 2 to 3%. Callus tissues was therefore used as a source of hyp-rich glycoproteins in this study. Preliminary attempts to extract these glycoproteins from pure cell walls with salt solutions failed to solubilize significant amounts of hyp-containing material. The acidic extraction procedure (22) was preferred as it led to the recovery from a callus homogenate, of 0.4 mg of bound hyp per gram (dry weight) of melon callus.
Purification of HRGPs. Two major protein-containing fractions were separated by column chromatography on CM-Sepharose (Fig. 1) of the acidic extract. The fraction which voided the column (fraction 1) represented 25% of the hyp of this extract; the remaining hyp (75%) was retained on the column and eluted in the second peak which corresponds to basic proteins.
Amino acid and sugar analysis suggested that the two fractions corresponded to distinct families of hyp-rich glycoproteins. Fraction 1 is composed of about 95% carbohydrate, mainly galactose and arabinose, and 6% protein with hydroxyproline as the major amino acid (46% of the protein portion). Fraction 2 was composed of two-thirds carbohydrate mainly arabinose and one third protein; in addition to being rich in hyp (35%), the protein portion was also rich in lysine (15 %), valine (11 %), serine (10%), and tyrosine (7%). The two fractions are called HRGP, and HRGP2 hereafter. The high amounts of lysine found in HRGP2 allowed us to further fractionate this material into three components by affinity chromatography on Heparin-Ultrogel (Fig.  2) . A minor proportion of HRGP2 did not bind to the column and was recovered as a single peak also called HRGP2a, which contains 6% of the protein and 3% of the hyp present in HRGP2.
The remainder was resolved into two different fractions, HRGP2b and HRGP2C, by elution with a linear NaCl gradient in acetate buffer at pH 4.6. HRGP2b was the most prominent component and accounts for 83 and 84% of the protein and hyp content of HRGP2, while the proportion of protein and hyp are 11 and 13%, respectively, in HRGP2c. (Table I) indicates that the three components are rich in hydroxyproline and arabinose. HRGP2b and 2c showed similarities in their carbohydrate content, but differed in regard the proportion of their amino acid residues: serine was abundant in HRGP2C, while the proportion of valine, lysine, and tyrosine was high in HRGP2b. Although HRGP2b was more basic than HRGP2C, it eluted before HRGP2C, probably as a result of the precise conformation of the molecule, or because of the nature of the affinity chromatography used for this step. HRGP2a was different from the two other fractions with respect to its sugar and amino acid content and was also distinct from HRGP, in that it contained higher amounts of serine and glycine, but was less rich in hydroxyproline than HRGP,. In contrast to other HRGPs solubilized from carrot and tomato (29, 30) , all components isolated from melon were histidine poor.
The glycosylation pattern of hydroxyproline was analyzed after Ba(OH)2 hydrolysis of the different glycoproteins; the released glycosylated hydroxyproline residues were separated by ion exchange chromatography. A comparison of the glycosylation pattern of hydroxyproline in HRGP,, HRGP2b, and in the cell wall (Fig. 3) clearly indicates that HRGP2b is very similar to the HRGP present in the cell wall, also known as extensin (17, 29) . It contains the same hyp-arabinosides and nonglycosylated hyp as extensin. However, a new hyp-arabinoside is found for the first time both in the cell wall and HRGP2b; arabinose is the only sugar of this hyp-oligosaccharide, the molar ratio of Hyp:Ara being 1:5. In these glycoproteins, as well as in HRGP2a and 2c (data not shown) Hyp-Ara4 and Hyp-Ara3 are the most prominent Hyp-oligosaccharides; it has been shown that the ratio of the two main hyp-arabinosides varies from species to species (18, 23) . In contrast, a totally different glycosylation pattern is found in HRGP, in which a high proportion of hydroxyproline (41%) appears as a large Hyp-polysaccharide which voids the column (peak X, Fig. 3b ). Other major differences with the HRGP, family are the high amount of unglycosylated Hyp (20%), the small amounts of Hyp-Ara4 and Hyp-Ara3, and the presence of an additional unidentified glycosylated hydroxyproline (peak G).
The glycosylation pattern strongly suggests that HRGP, is a Hyprich arabino-galactan protein (9). Electrophoresis Analysis. Numerous attempts to characterize these glycoproteins by electrophoresis were unsuccessful due to their very poor migration in a number of different electrophoretic conditions as already mentioned by others (19, 24, 29, 30 (Table 1) . Of the four deglycosylated proteins (HRP1, HRP2a,2b, and 2), however, only HRP2b migrated in SDS polyacrylamide gel electrophoresis (Fig. 4a) ; it appeared as a single band with an M, of 55,000 + 5,000 (over 15 determinatious) (Fig. 4a) in SDS-PAGE, and Mr of 45,000 in SDS-PAGE in the presence of urea. Such a discrepancy is not explained but probably results from the assumed rod-like conformation of the molecule (17, 32) . In contrast to HRP2b, HRPi.2a and 2c had a tendency to aggregate and remained at the top of the running gel. As an attempt to overcome this problem, electrophoresis of tritiated samples followed by fluorography was undertaken. This allowed loading and detection of very small amounts of HRPs.
In these conditions, it appeared that HRP, and HRP2b migrated as single bands of Mr 76,000 and 66,000, respectively (lanes 3 and 4). In the case of HRP2b this value is higher than the Mr of the unlabeled component, because of 3H-dimethylamino residues. 3W-HRP2a and 2_were not available for this study. Imnunochejuical Characterization of HRGPs. Antibodies were raised against HRGPI and HRGP2b and their respective peptide moieties. Antibodies against HRGP2b and HRP2b were used for double immupodiffusion plates (26) , under the following conditions: (a) IgG was used as a source of antibodies, (b) an agarose of very low relative mobility ( -mr) value was used in presence of detergent, (c) a detection staining which had proved satisfactory for HR(G)P after electrophoresis was applied to the gel. The data obtained indicated that the production of antibodies was maximum 8 weeks after the first injection. Both HRGP2b and HRP2b were immunogenic (Fig. 5) . The above conditions allowed the detection of as little as 1 ,ug (15 pmol, wells 1 and 4) of each hyp-rich component. Cross-reactions were particularly visible between HRP2b and the IgG against the whole glycoprotein (HRGP2b, 3/A) and to a lesser extent between HRGP2b and the IgG against the deglycosylated protein (HRP2b, wells 1/B and 2/B). This indicated that HRGP2b and HRP2b share common, unglycosylated epitopes. The amino acids which make up these epitopes are not known. In the P1 and P2 hyp-rich glycoproteins isolated from tomato and previously analyzed with an ELISA technique by Kieliszewski and Lamport (12) , it was assumed that they correspond to sequences containing Val-Lys-Pro-Tyr-HisPro and Val-Tyr-Lys-Tyr-Lys, respectively. Third, comparing the reactions shown in Figure 5 also indicates that a better precipi- for such specific epitopes, since Hyp-arabinosides significantly inhibit the precipitation between the glycoprotein and its own antibodies (Fig. 6) . After removal of the sugar residues, the deglycosylated portion of the molecule probably represents HRP2b specific epitopes. Neither antibodies reacted with the arabinogalactan protein HRGP1.
The specificity of antigen-antibody reactions was also followed by immunoprecipitation and SDS-PAGE of 3H-labeled HRPs. Preliminary attempts failed to precipitate them by the protein-A Sepharose technique. Therefore, a double immunoprecipitation procedure involving goat anti-rabbit IgG was first tried on the complex formed between HRP2b and the corresponding IgG. It appeared that precipitation of this complex was a function of the amount of goat IgG. In the absence of goat IgG no precipitation was observed, even with large amounts of antigen and antibody (50 ,ug of HRP2b and 10 ,l of a 50% IgG diluted solution). In contrast, the 3H-HRP sample was totally precipitated when the amount of goat IgG was between 50 and 120 ,l per assay. Therefore 100 ,ul of goat IgG per assay was used for the following experiments. These conditions allowed for the first time to immunoselect and visualize the HRP2b antigen by SDS-PAGE and fluorography (Fig. 7, lane 1) . Again, it was found that the IgG against HRGP2b was also able to precipitate HRP2b (Fig. 7, lane 2) and that HRP, did not cross-react with either antibody (Fig. 7, lanes 6 and 7) . Tritiated HRP, and HRP2b controls were run on the same gel for comparison. No precipitation was observed when the IgG were replaced by a preimmune serum (Fig. 7, lane 4) . Finally, HRGP, and HRGP2b were assayed with the /3-glucosyl Yariv antigen. Of the two glycoproteins, only HRGP, reacted positively (Fig. 8) . The (2, 29, 30) , or at acidic-ethanol mixture (19, 24 HRGP2C appeared closely related to HRGP2b, particularly as regard to its amino acid and sugar contents but it was less basic; nevertheless it eluted after HRGP2b, probably as a result of its precise conformation and interaction with heparin-ultrogel.
Intact HRGPs from melon or other sources migrate very poorly or not at all under all electrophoretic conditions used so far.
Deglycosylation of HRGPI and HRGP2b followed by 3H-labeling allowed these components to migrate and to be visualized by fluorography. Labeling of HRP, and HRP2b was particularly helpful, as it allowed us to load the gel with very small quantities of the samples. Under these conditions, HRP, and HRP2b migrated as single bands of mol wt 76,000 and 66,000, respectively; the mol wt of HRP, was overestimated due to the remaining of 10% sugar residues on the molecule.
Finally, immunodiffusion and immunoprecipitation followed by SDS-PAGE were used to further characterize the HRGP, and HRGP2b glycoproteins before and after deglycosylation. (12) . The many immunological similarities between all these glycoproteins support the hypothesis that extensin-like HRGPs are well conserved molecules. The arabinogalactan protein HRGP1 and its deglycosylated portion HRP, did not react with either antibody, thereby indicating the absence of significant homology with the respective antigens. These results differ from the previously reported cross-reaction of a tomato arabinogalactan protein with an antiserum against the tomato P2 extensin precursor (12) . Immunoprecipitation of cell wall protein prior to electrophoresis had already been achieved (28) with an antiserum raised against a synthetic nonapeptide related to an extensin sequence (Ser-Pro-Ser-Pro4-Ser-Pro), but not with IgG to the whole protein as in the case of this work. The availability of antibodies to HRGPs has potential applications in a number of situations leading to HRGP accumulation. It has already allowed to detect HRGP in infected potato tuber (20) , and might be used in the future to follow HRGP deposition in host-pathogen systems (23) where the level of HRGP is increased upon infection.
